ABSTRACT Aulacaspis yasumatsui Takagi continues to threaten the extinction of the endemic and endangered Cycas taitungensis (Shen et al.) in Taiwan. Failure to understand its population demographic parameters in detail will continue to hinder the success of pest management practices. An in-depth knowledge of the development, survival, and fecundity of A. yasumatsui under different environmental conditions is necessary to understand itsÕ population growth. The demography of A. yasumatsui was studied in the laboratory based on the age-stage, two-sex life 
The cycad scale, Aulacaspis yasumatsui Takagi, was described from Cycas specimens that were collected in Bangkok in 1972 (Takagi 1977) . Since its discovery, A. yasumatsui has spread to other tropical and subtropical countries across the globe (Germain and Hodges 2007) . After its outbreak in the Montgomery Botanical Garden, FL, in 1996, more countries and regions have reported the invasion of A. yasumatsui and today it is currently the most devastating Cycas pest in tropical and subtropical countries having been recorded from Hawaii, Hong Kong, and the Cayman Islands , Guam, the Caribbean basin, China, Vietnam (IUCN/SSC 2005) and Africa (Germain and Hodges 2007) . In 2000, Taiwan, one of the worldÕs leading exporters of Cycas, reported that Ͼ100,000 of its Cycas plants in Taoyuan nursery were destroyed by an outbreak of A. yasumatsui. By 2004, A. yasumatsui had invaded the Taitung, a Cycas natural reserve area in southeastern Taiwan. This devastation led to the imminent extinction of the endangered Cy. taitungensis (Shen et al.) . In addition to the devastating effects of A. yasumatsui, Cy. taitungensis is also under attack from the seasonal outbreaks of TaiwanÕs endemic Chilades pandava peripatria (Lepidoptera: Lycaenidae) (Hsu et al. 1998) .
While female of A. yasumatsui are sessile and have incomplete metamorphosis (egg, nymph [including crawlers] , and wingless adults), males go through a complete life cycle. The winged adults and crawlers of both sexes increase the potential risks of invading uninfested areas. For pest management purpose, the multiple generations, overlapping life stages, high fecundity, variable development rates, and environmental effects especially between the sexes and individuals need to be understood. Past studies show that effects of pesticides (Wiese et al. 2005) or its integration with other pest management controls, such as predatory beetles, Cybocephalus nipponicus EndrodyÐYounga (Cave et al. 2009 ) and parasitoid wasps, Coccobius fulvus (Compere et Annecke) (Wiese et al. 2005) were ineffective against large density of A. yasumatsui. To date there has been no population parameters of A. yasumatsui published. Ravuiwasa et al. (2011) discuss the population parameters of Ch. pandava peripatria that is causing extensive damages to Cycas plants in Taiwan. A thorough life table study on A. yasumatsui is the best way to understand its population parameters and would provide valuable information for future pest management practices.
Knowledge of the parameters of an insect population is necessary for sound and timely application of pest management procedures. Traditional life table studies (Lotka 1907 , Lewis 1942 , Leslie 1945 only focus on the female sex of a population, ignoring the males and variable development rates between the sexes and individuals of a cohort. It would be inap-propriate to study A. yasumatsui using this approach, mainly because of the variable development rates between the sexes and among individuals within the cohort. Chi and Liu (1985) and Chi (1988) developed the age-stage two-sex life table to consider the problems of stage variation between the sexes and individuals of a population. Chi (1988) provides detailed information about the raw data analyses of age-stage two-sex life table. Chi et al. (2003) discussed that keeping track of surviving individuals, reproduction, and oviposited eggs in life tables carried out in the Þeld is challenging. In addition, Þeld conditions do not show speciÞc effects of certain conditions tested. An age-stage, two-sex life table study that is conducted under laboratory conditions best represents the result obtained under speciÞc environmental conditions being mimicked by the incubator. To show speciÞc effects of temperatures on the development variation between the two sexes and among the individuals, survivorship and fecundity of A. yasumatsui, we use the age-stage, two-sex life table approach to calculate its detailed population parameters.
Materials and Methods
Insects Rearing. Age-stage, two-sex life table study for A. yasumatsui was performed at the Insect-Plant interaction laboratory at the National Chung Hsing University, Taichung, Taiwan. Heavily infested cycad leaves were collected from National Chung Hsing University campus for collection of adult A. yasumatsui females. The abaxial and adaxial surfaces of cycad pinnae were examined under a high powered dissection microscope (Olympus LG PS2, Olympus Optical Company Ltd., Tokyo, Japan). Scale covers of mature female A. yasumatsui were carefully removed using a needle. A thin brush (0.5 mm bristles) was used to remove and exclude all oviposited eggs followed by gentle tappings of the leaf on either side of the pinna to ensure that all the oviposited eggs were removed. Each female was then gently lifted so as not injure its stylet, and eggs under its abdomen were also removed and excluded from this study. The individual pinna containing exposed matured females of A. yasumatsui were kept in a petri dish (d ϭ 14 cm, 153.86 cm 3 ; Alpha Plus ScientiÞc Corporation, Taoyuan, Taiwan) and stored under room conditions overnight. Oviposited eggs were randomly collected 24 h later and referred to as 1-d-old eggs. The above procedures were necessary to ensure that eggs were all of the same age. A soft paint brush (0.5 mm bristles) was used to transfer the oviposited eggs to tissue paper in a petri dish (d ϭ 5.5 cm, 23.75 cm 3 , Alpha Plus ScientiÞc Corporation) under high powered dissection microscope (Olympus LG PS2, Olympus Optical Company Ltd.). Each petri dish was covered and sealed with parafÞn to prevent crawlers from leaving the petri dish when the eggs hatch. Eggs were kept at 20, 23, 25, 28, and 31ЊC, 70% relative humidity (RH) and photoperiod of 16:8 (L: D) h. The petri dishes were observed once daily and egg hatching recorded. Eggs that did not hatch were referred to as dead at egg stage. Sixty eggs were used for each temperature.
The cycad plants (Cy. revoluta) used in this study, measuring Ϸ18 Ð22 cm above the soil in plastic pot plants (d ϭ 13.5 cm), were brought in from Changhua, Taiwan, and were infested with A. yasumatsui. A few clean pinnae were carefully cleaned up for the purpose of this life study. Newly hatched crawlers (Þrst instars) were transferred to the clean pinnae of cycad plants. Pure petroleum jelly was applied to the base of these pinnae to prevent crawlers from crawling to other parts of the plants. Once all the crawlers had settled, their location was recorded for daily observations. Dissection microscopes (Olympus LG PS2, Olympus Optical Company Ltd.) were used to observe the settled insects daily. Based on our experience and knowledge on the biology of A. yasumatsui, the pinnae with male pupa were removed a day before adults were likely to emerge. Each pinna was tied to a wet cotton wool and placed in an eppendorf. The eppendorf was sealed in a glass tube to prevent emerging males from escaping. Emerging males were carefully removed from the set up to a separate glass tube containing eppendorf with a leaf infested with adult A. yasumatsui females. Pupas that did not emerge were referred to as dead in this study. The females were allowed to mate with wild males that were previously introduced to infest the cycad plants. Observations of egg laying were done for each female adult by carefully slightly lifting the scale cover to count and remove eggs daily. A plastic straw was tied in each pinna around the area of the Þxed female adult to collect eggs that would fall off the female wax cover. Development, survival, and fecundity were recorded daily until the death of all individuals.
Statistical Analysis. The age-stage, two-sex theory Liu 1985, Chi 1988 ) was used to analyze the raw data obtained from this study while the means and SEs were estimated using a Jackknife technique (Sokal and Rohlf 1995) . The TWOSEX-MSChart (Chi 2005) program available in Visual BASIC for the windows operating system (http://140.120.197.173/Ecology/ prod02.htm; National Chung Hsing University, Taichung, Taiwan, Republic of China) was used to analyze the life history raw data. Based on the age-stage, twosex life table results, we calculate the net reproductive rate (R 0 ), the intrinsic rate of increase (r), the Þnite capacity of increase (), the mean generation time (T), age-stage speciÞc survival rates (S xj ) and agestage speciÞc fecundity (f xj ). The iterative bisection method from
which considers the age of the newly laid A. yasumatsui as zero (Chi and Su 2006) was used to estimate the intrinsic rate of increase. The mean generation time is calculated as T ϭ ln Ro r that is deÞned as the length of time that a population needs to increase to R 0 -fold of its size (Chi and Su 2006) . Since the Þrst day of oviposition provides important information for pest management practices, we refer to the adult preoviposition period (APOP) as discussed by Yang and Chi (2006) as the time between adult emergence and total preoviposition period (TPOP). The TPOP is the time between the day an offspring is born and the day it Þrst oviposits. The probability that a newly laid egg will survive to age x and stage j is shown by the S xj curve shows. Yang and Chi (2006) explain that life expectancy is calculated using the age-stage speciÞc survival rate (S xj ) without assuming that the population reaches stable age-stage speciÞc distribution. Thus, it could be used to predict the survival of a population in a given condition. Chi (1988) calculates life expectancy as
where n is the number of age groups and m is the number of stages. Chi and Su (2006) Stinner et al. (1974) as
where R is the development rate at temperature T, C ϭ R max ϫ ͑1 ϩ e k1 ϩ ksTopt ͒, R max is the maximum development rate, T opt is the temperature at which R max occurs, k 1 and k 2 are the empirical constants ͑k 2 Ͻ 0͒, Ј ϭ for Յ T opt , and Ј ϭ 2 ⅐ T opt Ϫ for Ͼ T opt .
Results
Our results showed that A. yasumatsui completed its development at all the tested temperatures (Table 1) . Individuals reared at 28ЊC recorded the shortest preadult development durations that attributed to its short generation time (T) of 44.1 d. This study shows that it only takes 7.8 d for an egg to hatch in 28ЊC while a crawler takes only 1.7 d to settle to Þrst instar stage. Previous researches, Cave et al. (2009) and Bailey et al. (2010) , combined crawler with newly settled individuals as Þrst instar stage. However, because A. yasumatsui crawlers contribute to its dispersion to uninfested areas, we speciÞcally separated its development rates as Þrst stage of Þrst instars. Our result also shows that once a crawler Þrmly attaches to its host plant its chances of surviving to adult stage under laboratory conditions are high. This result provides valuable information for dispersion studies of A. yasumatsui.
The age-stage survival rates (S xj ) shows the overlap among the stages and survival probability of both sexes. For instance, this study shows that the probability for a Þrst instar to survive to age 11Ð13 d and pupa to survive to 20 Ð22 d were 0.933 and 0.4 for 28ЊC (Fig. 1) . Our S xj curve shows the variation of individual growing older within and among the different life stages. ChiÕs (1988) life expectancy equation
was used to determine the life expectancy between males and females and between the developmental stages of A. yasumatsui in our study (Fig. 2) . The age-stage speciÞc life expectancy (e xj ) which gives the probability that an individual of age x and stage j is expected to live vary among the different temperatures. Because of the controlled conditions of our study we attribute the gradual decrease of life expectancy for the different stages in all the tested temperatures to aging and death of individuals. Our study further shows that the life expectancy of a female adult on its Þrst day of oviposition for indi- viduals reared in 28ЊC was 30.7 d (Fig. 2) . This is also the Þrst study to show the life expectancy of a reproductive female under different temperature conditions and also for different life stages and sexes of A. yasumatsui. The high reproductive rate of A. yasumatsui females under 28ЊC explains why they achieve the highest intrinsic (r) and Þnite () rate of increase (Table 2) at this temperature. The reproductive value (v xj ) (Fig.  3) shows the reproductive rate of each generation of the population, moreover, the contribution an individual A. yasumatsui at age x and stage j contributes to the generation. This result indicates that despite the shorter preadult development durations and shorter longevity of female adults (Fig. 2) reared under 28ЊC, they possess the highest reproductive value (Fig. 3) , fecundity (Fig. 4) , and net reproductive rate (R 0 ) ( Table 2 ). The R 0 is the number of offspring produced from the experimented females. This high fecundity contributes to the difÞculty in controlling A. yasumatsui (Miller et al. 2005) . The TPOP of A. yasumatsui for the different studied temperatures ranges from 36.8 to Table 1 ). The APOP was earliest for 28ЊC where females begin oviposition 7 d after adult emergence (Table 1) . Yang and Chi (2006) , explained that the dependence of responses on the increase of independent variable are appropriately explored by linear and non- ) in our study as 0.803652 (Fig. 5) . The maximum development rate (R max ) occurred at 28ЊC that was also the optimal temperature (T opt ) in our study. Other parameters for C, k 1 , and k 2 were 0.124172, 3.344668, and Ϫ0.094122, respectively (Fig. 5) .
In contrast to development and survival of individuals reared in 28ЊC, our result for 20 Ð23ЊC showed long larval and pupal development durations (Table 1) . Survival probability was highest for crawler stages at 20ЊC and second instars in 23ЊC (Fig. 1) . It takes 14.9 Ð17.5 d for eggs to hatch to crawler stage under these temperatures. Furthermore, preadult stages take Ͼ40 d to develop to adult stage. Cave et al. (2009) showed that development of individuals in 20ЊC was relatively low compared with higher temperatures. Cave et al. (2009) further explained that most individuals Þnd difÞculty developing beyond the Þrst instar that was similar to our results for the 20 Ð23ЊC. Among the tested temperatures, the longest life ex- pectancy for a newly emerged A. yasumatsui female adult (Fig. 2) was recorded in 20ЊC as 43 d. Moreover, our study showed that it takes Ͼ13 d for an adult female to start laying eggs (APOP). Despite having the longest adult longevity for all the tested temperatures, female adults in these temperatures had the lowest intrinsic (r), Þnite (), gross reproductive (GRR), and net reproductive rates (R 0 ) ( Table 2) .
Individuals reared in temperatures of 25 and 31ЊC show similar prepupal development rates (Table 1) . Males reared in 25Ð31ЊC shows higher survival probability compared with other temperatures (Fig. 1) . The combined crawlers and settled Þrst instars development rates under 25 and 31ЊC supports a study performed by Cave et al. (2009) under the same temperature conditions. The generation time (T), intrinsic (r), and Þnite rates () of individuals reared in 25ЊC were similar to a study conducted by Bailey et al. (2010) . Our study shows that the probability for an individual to survive to adult stage, fecundity (Fig. 4) and survival was also high for 25Ð31ЊC, supporting results of Bailey et al. (2010) and Cave et al. (2009) . Cave et al. (2009) reported that female adults reared in 25ЊC oviposited Ϸ8.1 d after adult emergence that was similar to our results for the same temperature conditions. These results indicate the signiÞcant inßuence that temperature contributes to various population demographic parameters (Abbas et al. 2010) . Fig. 4 . Age-speciÞc survival rate (l x ), female age-speciÞc fecundity (f xj ), age-speciÞc fecundity (m x ), and age-speciÞc maternity (l x m x ), of A. yasumatsui at different temperatures.
The net (R 0 ) and gross (GRR) reproductive rates (Table 2 ) recorded under 25 and 31ЊC are reßected by its fecundity (Fig. 4) , which is further supported by its reproductive value (Fig. 3) . In this study, the mean generation time for individuals in 25 and 31ЊC are (T) of 47 and 51 d, respectively (Table 2) .
Discussion
This is the Þrst study to take into account the variable stage differentiation that occurs within an A. yasumatsui population. We provide comprehensive knowledge of both sexes. Cave et al. (2009) thoroughly studied the development of A. yasumatsui under various temperatures. Our study further includes important population parameters such as intrinsic (r), Þnite (), gross (GRR), and net reproductive (R 0 ) rates in detail. Bailey et al. (2010) performed a detailed study on the population parameters of A. yasumatsui. We further include a broader range of temperatures to show its speciÞc performances in various conditions. Past researchers studied various ways to control the infestation of A. yasumatsui; however, our study indicated that failure to understand its population demographic parameters in detail will continue to hinder the success of its pest management practices.
Population demographic parameters are discussed by Southwood and Henderson (2000) as indices of population growth rates responding to speciÞc conditions. Southwood and Henderson (2000) also discuss that these parameters could serve as bioclimatic indices to evaluate the potential of a pest population growth in a new area. Our study indicates that temperature inßuences the performances of A. yasumatsui. The importance of temperatures in population dynamic studies were also highlighted by Summers et al. (1984) and Abbas et al. (2010) . Cave et al. (2009) highlighted that at low temperatures A. yasumatsui have great difÞculties developing beyond Þrst instars, moreover, our study shows that reproduction, fecundity, and survival were equally affected. These observations also indicated that performances of A. yasumatsui will be affected in cooler regions of Taiwan. Past researches highlighted that occurrence of A. yasumatsui in Taiwan is drastically high during warmer seasons of the year. These reports are further supported by the high intrinsic rates of individuals observed at 25Ð31ЊC in our study. Southwood and Henderson (2000) explain that the temperature at which the growth of any population is favorable are usually indicated by its intrinsic rate. Hence, the overall effects of temperature on development, reproduction, fecundity, and survival of A. yasumatsui are therefore reßected by its intrinsic rate. In our study, the intrinsic rate indicates the proliferation of A. yasumatsui population at various constant temperatures which could be used to predict its population dynamics in variable Þeld conditions. While natural Þeld conditions are probably inßuenced by the presence of other biotic and abiotic factors, the laboratory conditions used in this study show speciÞc effects of particular conditions tested. Based on our results, the intrinsic rates were much lower in 20 Ð23ЊC. The endangered risks of Cy. taitungensis extinction have been highlighted by many researchers in Taiwan (Chang 1989; Hsu et al. 2000; Bailey et al. 2010; Wu et al. 2009 Wu et al. , 2010 . Past researches have thoroughly studied the morphology, biology, life history, occurrence, damage, and distribution patterns of A. yasumatsui , IUCN/SSC 2005 , Cave et al. 2009 , Bailey et al. 2010 ; however, none covers its population dynamic in detail. Past researches also include the introduction of parasitoids and predatory beetles to control A. yasumatsui . In Taiwan, the local Cybocephalus flavocapitis and an imported Cybocephalus nipponicus predatory beetle were recently introduced in the cycad natural reserve area to control A. yasumatsui. The warm conditions in southeastern Taiwan are favorable for the development, survival, fecundity, and high intrinsic rates of A. yasumatsui that could possibly slow the effectiveness of these predators. In view of these circumstances, the control of A. yasumatsui and conservation of Cy. taitungensis in southeastern Taiwan will continue to face great difÞculties. Based on our results we suggest that new conservation areas could be set up in northern and central Taiwan where temperatures are relative lower than eastern and southern Taiwan. These low temperatures as shown in our study will disrupt and slow the population growth and minimize the destruction incur by A. yasumatsui hence survival of Cy. taitungensis will improve. Based on this study, the development and longevity of most life stages of A. yasumatsui are longer compared with higher temperatures. These prolonged durations of exposure beneÞt predators and parasitoids while searching and ovipositing on a sessile A. yasumatsui. Ravuiwasa et al. (2011) also suggested that new conservation areas for Cy. taitungensis should be shifted to northern and central Taiwan to protect it from Ch. pandava peripatria. Ravuiwasa et al. (2011) further explained that the temperature conditions of northern and central Taiwan are favorable for the survival of Cy. taitungensis but unfavorable for the growth and survival of Ch. pandava peripatria. This knowledge and information are crucially important for future management and conservation practices. Further research should be committed to semiÞeld and Þeld experiments for more applicable Þeld conditions results.
